Jefferson Lab has become one of the premier facilities for the study of nucleon spin structure. In the past decade, several high precision measurements have been performed that have extended our knowledge of the spin-dependent structure functions g 1 (x, Q 2 ) and g 2 (x, Q 2 ) between Q 2 = 0.02 -5 GeV 2 . From the measured nucleon structure functions, spin moments and polarizabilities have been formed. These proceedings will concentrate on recent measurments on the neutron via a polarized 3 He target in the low Q 2 region. In particular, experiment E97-110 was performed in Hall A to study the neutron and 3 He spin structure at four-momentum transfers between 0.02 and 0.3 GeV 2 . This Q 2 range allows us to make a benchmark-check of Chiral Perturbation Theory calculations. Previous results for the spin polarizabilities down to 0.1 GeV 2 have shown surprising disagreement with these calculations. Preliminary results on the first moments of the neutron spin structure functions are presented.
Introduction
The study of nucleon spin structure has been an active field over the past few decades and has employed the use of sum rules. In particular, the Gerasimov-Drell-Hearn (GDH) [1] sum rule for real photon scattering Q 2 = 0 . The expression for a spin-1 2 target is given by:
where κ and M are the anomalous magnetic moment and mass of the target, ν 0 the inelastic threshold, ν the photon energy and α is the electromagnetic coupling constant. In this expression, σ 1 2 σ 3 2 are the photoabsorption cross-sections where the photon helicity is parallel (anti-parallel) to the target spin. This sum rule indicates that there is a close relationship between the nucleon's excitation spectrum and its anomalous magnetic moment, which was one of the first pieces of evidence that the nucleon has an internal structure. The GDH sum rule is also valid for any target with spin-S.
In 1989, the GDH integral was first extended [2] to virtual photon absorption Q 2 > 0 . Later other extensions were proposed [3, 4] . One approach leads to the following equations:
,
, and x is the Bjorken scaling variable. Here the photoabsorpton cross-sections have been replaced by the electroproduction cross-sections. Another extension [4] relates the integral to the forward virtual Compton scattering amplitudes S 1 Q 2 and S 2 Q 2 to form a Q 2 -dependent sum rule. This extension provides a relation that is constrained at the two ends of the Q 2 spectrum by well known sum rules: GDH at Q 2 = 0 and the Bjorken [5] sum rule at large Q 2 . The extended GDH sum rule can be used to make comparisons between theoretical calculations and experimental data over the entire Q 2 range. The comparisons allow an investigation of the transition between the non-perturbative region and the perturbative region of Quantum Chromodynamics (QCD). Refs. [6, 7] provide detailed reviews on the experimental and theoretical efforts in this field.
Theoretical calculations from QCD are difficult to obtain due to the theory's non-perturbative nature in the low energy regime. In this region, moments of the spin structure functions have been calculated using Chiral Perturbation Theory (ChPT), which is a low-energy effective field theory. Experiment E97-110 [8] was specifically conducted to study the neutron spin structure functions at very low Q 2 and to make a benchmark check of ChPT calculations for these moments. In these proceedings, the data at low and intermediate Q 2 are reviewed. The experimental details and preliminary results of experiment E97-110 follow.
Recent Results on Neutron Spin Structure
Due to the recent technological advances in polarized beams and targets, experiments at Jefferson Lab have allowed precise measurements of the nucleon spin structure functions down to
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Neutron Spin Sum Rules and Spin Polarizabilities at Low Q 2 Vincent Sulkosky Q 2 = 0.02 GeV 2 . Hall A measurements have focused on the neutron [9] , which are extracted from data on a polarized 3 He target; whereas, Hall B measurements [10] have involved polarized proton and deuteron targets. In these proceedings, only the neutron results from polarized 3 He experiments will be discussed. Previous data and calculations for the extended GDH integral for the neutron are displayed in Fig. 1 . At Q 2 = 0, the neutron prediction for the GDH sum rule is shown by the arrow (∼ -233 µb). High-Q 2 results from HERMES [11] are shown by the solid squares. The open circles display the resonance contribution from the Hall A results [9] , which are considerably more negative than the MAID resonance model [3] . The solid-inverted triangles include an estimate of the unmeasured low-x contribution. The statistical uncertainties are displayed on the data points; whereas, the gray error band represents the systematic uncertainties. Two next-to-leading order ChPT calculations are shown: heavy baryon ChPT (HBChPT) [12] and relativistic baryon ChPT (RBChPT) [13] . The shaded band also includes resonance effects for the RBChPT calculation. This band is the result of the uncertainties on the parametrization of the ∆-resonance and vector meson contributions. The [9] shown with data from HERMES [11] . The solid curve indicates the MAID resonance model [3] , and the dashed and dot-dashed curves represent the RBChPT [13] and HBChPT [12] calculations, respectively. The shaded band shows the relativistic calculation with the ∆-resonance and vector meson contributions.
lowest Q 2 point (0.1 GeV 2 ), shows agreement with the RBChPT calculation with resonance effects. However the data set is right on the edge of where ChPT calculations are expected to be valid, and the calculation's uncertainty is large due to the parametrization of the resonances. Hence, data at lower Q 2 are required to make a definitive statement on these calculations. The generalized spin polarizabilities involve higher moments in Bjorken-x of the polarized structure functions. Due to the x 2 weighting, these integrals converge faster than the first moments, and therefore are significantly less sensitive to the unmeasured low-x contributions. The expres-
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The polarizability results for γ 0 and δ LT are shown in Fig. 2 top and bottom panels, respectively. For both plots, the next-to-leading order ChPT calculations are shown as the dashed (HBChPT) and dot-dashed (RBChPT) lines. The light shaded band also includes the ∆ resonance and vector meson contributions for the RBChPT calculation. The MAID phenomenological model [3] is represented by the solid line. For γ 0 , the RBChPT [13] calculation with resonance contributions is in good agreement with the experimental data at 0.1 GeV 2 . However, the HBChPT [14] calculation shows a large discrepancy, which might indicate the importance of the resonances. Compared to MAID, the data is again significantly more negative for the lowest-Q 2 point. The δ LT spin polarizability Figure 2 : Spin polarizabilities γ 0 (top) and δ LT (bottom) on the neutron from the E94-010 experiment [9] shown with ChPT calculations of Ref. [13] (dot-dashed line) and Ref. [14] (dashed line) and the MAID model [3] shown by the solid line.
is expected to serve as a solid testing ground for ChPT, since it is insensitive to the ∆ resonance contribution compared to γ 0 . In the bottom panel of Fig 2, the data for this quantity were also compared with the ChPT calculations and the MAID model. Here we see the surprising result that the data down to 0.1 GeV 2 show a large disagreement with both ChPT calculations. This disagreement has been referred to as the "δ LT puzzle" and presents a real challenge to ChPT theorists. One of the major limitations of the available data was that the lowest Q 2 might still be outside the region 

Recent Measurements and Preliminary Results
Jefferson Lab experiment E97-110 acquired data in the Hall A [15] end station. A longitudinally polarized electron beam was scattered on either a longitudinally or transversely (in-plane) polarized 3 He target [15] . Polarized cross-section differences were measured for the inclusive reaction 3 He( e, e ′ ). From these data, the polarized structure functions were extracted to form various moments at low Q 2 between 0.02 and 0.3 GeV 2 . A comprehensive review of the experiment and data analysis can be found in Ref. [8] . Recently, the EG4 experiment [16] in Hall B obtained high precision data at similar Q 2 as experiment E97-110 for the proton and deuteron g 1 structure functions. During this conference, an update on the EG4 experiment and analysis was presented by S. Phillips.
After the structure functions have been extracted at constant Q 2 , the extended GDH integral and other moments of the spin structure functions can be formed. The first moment of the g 1 structure function is given by
This integral is related to the GDH sum rule as
In addition, the Burkhardt-Cottingham (BC) sum rule [18] is uniquely zero for any Q 2 and is related to the first moment of g 2 :
For this experiment, the polarized 3 He target was used as an effective neutron target. The neutron moments were extracted from the measured 3 He quantities by using the technique described in [19] . The systematic uncertainty due to this extraction was inferred to be 10% for Q 2 ≤ 0.1 GeV 2 and 5% at higher Q 2 . The deuteron data from EG4 will also provide an important systematic check of the neutron extraction from light nuclei. We have also utilized the parametrization in Ref. [20] to account for the unmeasured low-x contribution.
In the left-hand side of Fig. 3 , the preliminary results for the integral Γ n 1 are compared to theoretical calculations and earlier measurements [9, 10, 11, 21] . The solid triangles show the preliminary data, and the inverted triangles indicate the results from a previous Hall A experiment [9] between 0.1 GeV 2 and 0.9 GeV 2 . The error bars on the data indicate the size of the total uncertainties: both statistical and systematic. We expect to significantly improve the (largely dominant) systematic uncertainties for the final values. As Q 2 approaches zero, the data indicate a smooth transition and agree well with the earlier data and the two model calculations [22, 23] . Two calculations from Chiral Perturbation Theory [12, 13] [9, 10] , HERMES [11] and SLAC [21] . The ChPT calculations are also shown from Ji et al. [12] and Bernard et al. [13] .
an estimate of the ∆-resonance and vector meson contributions is represented by the shaded band. With the current uncertainties, the data show good agreement with the RBChPT calculation [13] , and the three lowest-Q 2 points also agree well with the HBChPT calculation [12] .
The integral Γ n 2 is shown in the right-hand side of Fig. 3 . The preliminary data agree well with the earlier neutron results [9] , and the resonance data follow the MAID model [3] . The measured resonance data are displayed by the solid squares. After inclusion of the elastic contribution, the results are indicated by the open diamonds. The solid triangles represent the full integral with an estimate of the low-x contribution; for this estimate we assumed g 2 = g WW 2 , where g WW 2 is the twist-2 part of g 2 derived by Wandzura and Wilczek [24] . The two bands indicate the systematic uncertainties; the darker band shows the total systematic uncertainty, and the lighter band shows an estimate of the systematic uncertainty for the unmeasured low-x part. The total results are consistent with the BC sum rule expectation over the current measured Q 2 region. From the SLAC E155x collaboration [25] , a high-Q 2 point (open circle) is also consistent with zero but with a large uncertainty.
The BC sum rule for the proton is largely unknown, since transversely-polarized target data are only available in a limited Q 2 range for the g p 2 x, Q 2 structure function. A new experiment [26] was recently approved to measure this structure function in the low Q 2 regime. Since δ p LT also requires knowledge of g p 2 x, Q 2 , this experiment combined with the EG4 g p 1 data and the E97-110 neutron data will allow an isospin separation of the spin polarizabilities.
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Summary
Jefferson Lab experiment E97-110 was performed to provide precise spin structure data for the neutron and 3 He at low Q 2 between 0.02 and 0.3 GeV 2 . From the measured structure functions, moments of the spin structure functions have been formed. At low Q 2 , these quantities provide an important benchmark check of Chiral Perturbation Theory calculations. Neutron preliminary results for the first moments of the structure functions were shown and discussed. The first moment of g n 1 has very good agreement with the higher-Q 2 data and the RBChPT calculation; on the other hand, only the three lowest-Q 2 points agree with the HBChPT calculation. The integral Γ n 2 is also consistent with the BC sum rule prediction. Final neutron results are expected after the systematic checks have been completed. In addition, the generalized forward spin polarizabilities are in the process of being extracted.
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